Potential energy functions ͑PEFs͒ of the X 1 AЈ and Ã 1 AЉ states of HSiF have been computed using the coupled-cluster single-double plus perturbative triple excitations and complete-active-space self-consistent-field multireference internally contracted configuration interaction methods, respectively, employing augmented correlation-consistent polarized-valence quadruple-zeta basis sets. For both electronic states of HSiF and DSiF, anharmonic vibrational wavefunctions and energies of all three modes have been calculated variationally with the ab initio PEFs and using Watson's Hamiltonian for nonlinear molecules. Franck-Condon factors between the two electronic states, allowing for Duschinsky rotation, were computed using the calculated anharmonic vibrational wavefunctions. These Franck-Condon factors were used to simulate the single vibronic level ͑SVL͒ emission spectra recently reported by Hostutler et al. in J. Chem. Phys. 114, 10728 ͑2001͒. Excellent agreement between the simulated and observed spectra was obtained for the Ã 1 AЉ(1,0,0 )→X 1 AЈ SVL emission of HSiF. Discrepancies between the simulated and observed spectra of the Ã 1 AЉ(0,1,0) and ͑1,1,0͒ SVL emissions of HSiF have been found. These are most likely, partly due to experimental deficiencies and, partly to inadequacies in the ab initio levels of theory employed in the calculation of the PEFs. Based on the computed Franck-Condon factors, minor revisions of previous vibrational assignments are suggested. The calculated anharmonic wave functions of higher vibrational levels of the X 1 AЈ state show strong mixings between the three vibrational modes of HSi stretching, bending, and SiF stretching.
I. INTRODUCTION
Recently, Hostutler et al. ͑HCJ01͒ 1 reported single vibronic level ͑SVL͒ Ã 1 AЉ→X 1 AЈ emission spectra of jetcooled HSiF and DSiF. In this spectroscopic study, these authors attempted to confirm the assignment of the observed spectra by spectral simulation, employing Franck-Condon ͑FC͒ profiles computed within the harmonic oscillator approximation. However, it was found that, apart from the Ã 1 AЉ(0,0,0)→X 1 AЈ SVL emission band, the simulated emission spectra of HSiF did not agree very well with the observed spectra. The discrepancies between simulated and observed spectra were attributed to the significant coupling between the HSi stretching ( 1 ) and bending ( 2 ) modes, which was not accounted for in the harmonic oscillator model employed in the calculation of the FC factors. At the end of the discussion in HCJ01, 1 a call was made for spectral simulations, which would include the effects of anharmonicity, and it was proposed that the reported HSiF and DSiF spectra would provide rather stringent tests of such calculations. The present theoretical investigation is a direct response to this request and challenge.
Prior to the dispersed fluorescence study of HCJ01 on HSiF and DSiF, Clouthier and co-workers have published two extensive rotationally resolved laser induced fluorescence ͑LIF͒ studies 2,3 on HSiF and/or DSiF. From these three spectroscopic studies of the Clouthier group, 1-3 equilibrium geometrical parameters, harmonic and fundamental vibrational frequencies of the X 1 AЈ and Ã 1 AЉ states of HSiF ͑and DSiF͒ have been derived or measured. Earlier spectroscopic and ab initio studies on HSiF and/or DSiF, and the importance of the silylene family of reactive intermediates in chemical vapor deposition processes in the semiconductor industry have been discussed previously ͑see Refs. 1, 2, and 3 and references therein͒ and hence will not be repeated here. After HCJ01 had appeared, Christiansen et al. 4 reported coupled-cluster calculations on the X 1 AЈ and Ã 1 AЉ states of HSiF, FC factor calculations within the multidimensional harmonic oscillator model, and simulated Ã 1 AЉ←X 1 AЈ absorption spectra obtained at different levels of coupledcluster response theory. The highest levels of ab initio calculation carried out in Ref. 4 on HSiF are the CCSD/aug-cc-pVTZ level for geometry, harmonic vibrational frequencies, and spectral simulation, and the CC3/aug-cc-pVQZ level for vertical excitation energy. These ab initio calculations on the two electronic states of HSiF were of the highest levels avail-a͒ Author to whom correspondence should be addressed; electronic mail: bcdaniel@polyu.edu.hk able prior to the present study. The simulated Ã 1 AЉ ←X 1 AЈ spectra were compared with the LIF spectrum of Ref. 3 and it was noted in Ref. 4 that ''there are aspects of the weaker features where the calculated intensity pattern does not match the experimental results.'' Again, the inadequacy of the harmonic oscillator approximation was identified as one of the probable causes of the discrepancies between theory and experiment, particularly for the higher energy region of the spectrum. No attempt, however, has been made in Ref. 4 to simulate the SVL emission spectra of HSiF and DSiF reported in HCJ01.
We have shown recently that the inclusion of anharmonicity in the theoretical method of FC simulation has significant effects on the simulated SVL emission spectra of CF 2 , 5 and some bands in the photoelectron spectra of F 2 O and Cl 2 O. 6, 7 Theoretically, the inclusion of anharmonicity should improve the reliability of the simulated spectra, and generally, simulated spectra including anharmonicity match better with observed spectra than those obtained within the harmonic oscillator model, as expected. In the case of HSiF, in addition to possible coupling among the three vibrational modes mentioned above, anharmonicity is expected to be particularly large for the HSi stretching mode. The present investigation on the SVL emission spectra of HSiF and DSiF is our first attempt to employ the anharmonic FC method to study a species of C S symmetry, where all three vibrational modes belonging to the same irreducible representation are included in the FC factor calculation, and also to study a triatomic species containing a hydrogen atom, which is expected to show strongly anharmonicity in the stretching mode involving the hydrogen atom.
II. THEORETICAL METHODS AND COMPUTATIONAL DETAILS
Ab initio energy scans on the X 1 AЈ and Ã 1 AЉ states of HSiF were carried out for the fitting of their potential energy functions ͑PEFs͒. The coupled-cluster single and double 8 plus perturbative triple 9 excitations ͓CCSD͑T͔͒ method, which is known to be one of the best single-reference correlation methods, was employed for calculations on the closedshell X 1 AЈ state. For the Ã 1 AЉ state, which is an open-shell singlet state ͑see Ref. 2͒ and cannot be described adequately by a single configuration wavefunction, complete-activespace self-consistent-field 10 multireference internally contracted configuration interaction 11 ͑CASSCF/MRCI͒ calculations were carried out. The aug-cc-pVQZ basis set 12 was employed and the core electrons were frozen in both the CCSD͑T͒ and CASSCF/MRCI calculations. In the CASSCF and MRCI calculations of the Ã 1 AЉ state, the full valence molecular orbital space was active, giving ϳ112.9 million uncontracted configurations and ϳ1.3 million internally contracted configurations in the MRCI calculations. 388 CCSD͑T͒ energy points in the ranges of 1.1рr(HSi) р2.3 Å, 40.0р(HSiF)р155.0°, and 1.4рr(SiF) р1.95 Å were scanned for the X 1 AЈ state, and 206 CASSCF/MRCI energy points in the ranges of 1.1рr(HSi) р2.35 Å, 40.0р(HSiF)р170.0°, and 1.45рr(SiF) р1.8 Å were scanned for the Ã 1 AЉ state. All the ab initio calculations were carried out using the MOLPRO suite of programs. 13 The following polynomial was fitted to the calculated ab initio total energies mentioned above to give the PEFs of the X 1 AЈ and Ã 1 AЉ states of HSiF:
The bending coordinate suggested by Carter and Handy 14 S 2 ϭ⌬ϩ␣⌬ 2 ϩ␤⌬ 3 has been employed for S 2 , where ⌬ is the displacement of the bond angle from the equilibrium value, (Ϫ e ), while S 1 and S 3 are the displacements of the HSi and SiF bond lengths from the equilibrium values (rϪr e ), respectively. The fitting of the PEFs, the variational calculations of the anharmonic vibrational wavefunctions and the FC factor calculations were performed as described previously [5] [6] [7] and hence the full description of the methods will not be repeated here. In brief, Watson's Hamiltonian 15, 16 for a nonlinear molecule was used, and both anharmonicity and Duschinsky rotation were included in the FC factor calculations. Here, only some technical details specific to the present study are given; these are as follows. Anharmonic vibrational wave functions were expressed as linear combinations of harmonic oscillator functions, h( 1 , 2 , 3 ), where 1 , 2 , and 3 denote the quantum numbers of the harmonic basis functions for the HSi stretching, bending, and SiF stretching modes, respectively. Harmonic basis functions with vibrational quantum numbers of up to h (10, 15, 12) and a restriction of 1 ϩ 2 ϩ 3 Ͻ15, were included in the variational calculations of the X 1 AЈ state, giving a total of 771 anharmonic vibrational states. For the Ã 1 AЉ state, harmonic basis functions of up to h (12, 12, 8) , with a restriction of 1 ϩ 2 ϩ 3 Ͻ12 and a total of 435 anharmonic vibrational states were considered.
The iterative Franck-Condon analysis ͑IFCA͒ procedure was carried out ͑see Refs. 5 and 6 for details͒, with the geometry of the X 1 AЈ state fixed to the most recent estimated equilibrium (r e z ) geometry of HCJ01, 1 while the geometrical parameters of the Ã 1 AЉ state were varied systematically, until the best match between simulated and observed SVL emission spectra was obtained ͑see also Sec. III for a more detailed description, which includes the ab initio calcula-tions͒. Vibronic components in the SVL Ã 1 AЉ→X 1 AЈ emission spectra of HSiF/DSiF were simulated using Gaussian functions with a full width at half-maximum ͑FWHM͒ of 30 cm Ϫ1 , which is a spectral resolution slightly better than that of the observed SVL emission spectra of HCJ01. 1 The relative intensity of each vibrational component in a simulated spectrum is given by the corresponding computed anharmonic FC factor and a frequency factor of power 4.
III. RESULTS AND DISCUSSION
The computed results are summarized in Tables I-V and the simulated spectra are shown in Figs. 1-6. They are discussed in the following subsections.
A. Potential energy functions and anharmonic vibrational wave functions
The CCSD͑T͒ and CASSCF/MRCI PEFs of the X 1 AЈ and Ã 1 AЉ states of HSiF, respectively, are given in Table I . The root mean square ͑rms͒ deviation of the fitted potential from the computed single point energies is below 10 cm Ϫ1 for the CCSD͑T͒/aug-cc-pVQZ PEF of the X 1 AЈ state. For the CASSCF/MRCI/aug-cc-pVQZ PEF of the Ã 1 AЉ state, the rms deviation is 20 cm Ϫ1 . Table II shows the computed anharmonic vibrational energies and wave functions of some low-lying vibrational levels of the X 1 AЈ and Ã 1 AЉ electronic states and also some higher energy vibrational levels of the X 1 AЈ state. For both electronic states of HSiF considered, the anharmonic vibrational wave functions, expressed as linear combinations of the harmonic basis functions, show that anharmonicity is not negligible even for the low-lying vibrational levels and the three harmonic modes of HSi stretch, bending and SiF stretch show significant coupling.
The calculated anharmonic vibrational energies and wave functions of some higher energy levels of the X 1 AЈ state are shown in Table II as examples. It can be seen that these anharmonic vibrational levels, which have their leading harmonic basis functions of h(1, 2 Љ , 3 Љ) with the same ( 2 Љ ϩ 3 Љ) values, are calculated to be very close in energies. The computed energy differences of these levels are less than 30 cm Ϫ1 in most cases. This is because the differences between the observed ͑computed͒ fundamental frequencies of the bending and SiF stretching modes of the X 1 AЈ state of HSiF are only 21.3 ͑15͒ cm Ϫ1 , respectively ͑see Table IV and later text͒. These energy differences of less than 30 cm Ϫ1 are smaller than the FWHM used in the simulated spectra mentioned above. Consequently, vibrational components arising from SVL emissions to these vibrational levels, which are calculated to be closer in energy than 30 cm Ϫ1 , would not be resolved in the simulated spectra, but appear as a single, overlapped band. Similarly, since the resolution of the observed spectra are slightly poorer than that used in the simulated spectra ͑see Figs. 1, 3, 4, 5, and 6͒, vibrational components with calculated energy separations of less than 30 cm Ϫ1 would not be expected to be resolved in the observed spectra. Detailed discussions on the vibrational assignments of overlapping vibrational series in the observed SVL emission spectra of HSiF will be given in the subsection dealing with spectral simulation. This problem of overlapping vibrational components of the bending and SiF stretching series, however, is not present in the SVL emission spectra of DSiF, because the bending and SiF stretching fundamental frequencies of the X 1 AЈ state of DSiF, observed or calculated, differ by over 200 cm Ϫ1 ͑see Table IV͒. From the calculated anharmonic vibrational wave functions of the higher energy levels of the X 1 AЈ state of HSiF shown in Table II , it can be seen that there are very strong mixings among harmonic basis functions of all three vibrational modes of HSi stretching, bending and SiF stretching, particularly for the combination band manifolds, which have the same 1 Љ and m Љ ϭ 2 Љϩ 3 Љ , and they are very close in energy, as discussed above. Consequently, based solely on the computed leading harmonic basis functions of the anharmonic wave functions, the vibrational designations of these anharmonic vibrational levels are not unambiguously clear, because of strong mixings of the harmonic basis functions in the anharmonic vibrational wave functions. In order to assist the labeling of the vibrational quantum numbers, some twodimensional cross-section plots of the computed anharmonic vibrational wave functions of these vibrational levels between pairs of normal mode coordinates have been exam- ined. The quantum numbers of a vibrational level were determined according to the numbers of nodes the computed wave function has along the respective normal mode coordinate. These plots for low-lying vibrational levels of the X 1 AЈ state suggest that within a combination manifold of m Љ , the levels with larger 3 Љ are lower in energy. However, for higher vibrational states, the nodal structures of the calculated anharmonic vibrational wave functions become less clear from the plots. Nevertheless, these higher vibrational states are labeled according to the empirical observation in the low-lying vibrational levels that, within a combination manifold of m Љ , the levels with larger 3 Љ are lower in energy. It should be noted, however, that, with such strong mixings of the harmonic basis functions in the anharmonic vibrational wave functions, as shown for the higher energy vibrational levels of the X 1 AЈ state of HSiF given in Table   TABLE II . The computed anharmonic vibrational energies (E vib in cm Ϫ1 relative to the ground vibrational state͒ and wave functions ͑in terms of the harmonic basis functions; see text͒ of some low-lying vibrational levels of the X 1 AЈ and Ã 1 AЉ electronic states of HSiF, and some higher energy levels of the X 1 AЈ state ͑see text͒.
E vib Anharmonic vibrational wave function
Ϫ0.9733h(0,0,1)Ϫ0.1812h(0,0,2)ϩ0.0906h(1,0,1) ϩ0.0725h(0,0,0)ϩ0.0395h(0,1,0) 0.000 0.9923h(0,0,0)Ϫ0.0906h(1,0,0)ϩ0.0720h(0,0,1) Ϫ0.0295h(3,0,0)ϩ0.0164h(0,0,3)
Ϫ0.9419h(0,2,1)Ϫ0.2240h(0,2,2)ϩ0.1026h(0,2,0) Ϫ0.1018h(0,3,0)ϩ0.0820h(1,0,1) 1719.216
Ϫ0.9555h(0,3,0)ϩ0.1479h(1,1,0)Ϫ0.1190h(0,3,1) ϩ0.1055h(0,4,0)Ϫ0.0757h(2,3,0) 1702.117
Ϫ0.9066h(0,0,2)Ϫ0.3202h(0,0,3)ϩ0.1962h(0,0,1) Ϫ0.1126h(1,0,2)Ϫ0.0742h(0,0,4) 1606.496 0.8708h(1,0,0)ϩ0.3686h(2,0,0)ϩ0.1484h(3,0,0) Ϫ0.1372h(0,0,0)ϩ0.1328h(4,0,0) 1436.560
Ϫ0.9610h(0,1,1)Ϫ0.2082h(0,1,2)ϩ0.0921h(0,1,0) The highest level of calculation in this work. e Obtained from the r z structure, see original works for details; the bond angles were assumed to be the same in the r z and r e z structures. f Excited state calculations by coupled cluster response theory. Harmonic vibrational frequencies from the fitting of the observed band origins to the standard vibrational anharmonic expression of G 0 ()ϭ 1
, where x i j is the first order anharmonic term of the i and j modes. For the SiF stretching mode of HSiF, the harmonic frequency has assumed the fundamental value, because overtone levels in 3 were not observed. See original work for detail. II, the vibrational labels according to the normal mode designations of these anharmonic vibrational wave functions may not be good quantum numbers, particularly for 2 Љ and 3 Љ . In addition, 2 Љ and 3 Љ may not correspond to the bending and SiF stretching mode, respectively, as conventionally assumed ͑e.g., in HCJ01͒. 1 Nevertheless, for the sake of simplicity and ease of comparison with the vibrational assignments given in HCJ01, 1 we will still use the vibrational labels obtained in the way mentioned above and will not make a distinction between the vibrational designations used here and in HCJ01. It should be borne in mind that, for higher energy vibrational levels of the X 1 AЈ state of HSiF, 2 Љ and 3 Љ may not be good quantum numbers and may not correspond to the bending and SiF stretching modes, respectively, as assumed in HCJ01, because of strong coupling. It is noted, however, that there is no such problem of strong mixing, as discussed, in the anharmonic vibrational wave functions of the X 1 AЈ state of DSiF and their vibrational designations correspond to the DSi stretching, bending, and SiF stretching of the leading harmonic basis function.
Finally, a few points should be noted. First, the extent of mixing of the vibrational states within a combination manifold, as shown in the calculated anharmonic wave functions, is dependent on the closeness of the calculated energies of the vibrational levels within the manifold, which is dependent on the level of theory used to obtain the PEF of the X 1 AЈ state. The difference between the computed fundamental frequencies of the bending and SiF stretching modes of 15 cm Ϫ1 is in reasonably good agreement with the corresponding experimental difference of 21 cm Ϫ1 reported in HCJ01 1 ͑see Table IV and later text͒, suggesting that the PEF of the X 1 AЈ state should be reasonably reliable. In this connection, the calculated anharmonic wave functions reported here should give a reasonably accurate description of the mixing. Second, since the experimental resolution of HCJ01 1 is not good enough to resolve some of these vibrational states within a combination manifold as discussed above, the uncertainties associated with the observed positions given in HCJ01 are probably larger than those quoted, because of the uncertainties associated with the assignments of overlapped vibrational components. Third, although a spectral resolution, which is able to resolve all the above-mentioned combination bands, can be used in the simulated spectra, a poorer resolution of 30 cm Ϫ1 FWHM has been used in order to make sensible comparison with the observed spectra.
B. Equilibrium geometrical parameters
The equilibrium geometrical parameters of both states of HSiF obtained from the PEFs are given in Table III together with available experimental and theoretical values for comparison. From Table III it can be seen that, compared to the reported calculations, the levels of calculation used in the present study are higher and hence the computed geometrical parameters obtained here can be considered as the most reliable theoretical values currently available for both the X 1 AЈ and Ã 1 AЉ states of HSiF. When the equilibrium HSi bond length and HSiF bond angle of the X 1 AЈ state obtained from the CCSD͑T͒/aug-cc-pVQZ PEF are compared with the experimentally derived, estimated r e z values of HCJ01, 1 the agreement of within 0.001 Å and 0.2°, respectively, is excellent. However, the equilibrium SiF bond length obtained from the PEF of the X 1 AЈ state is ϳ0.01 Å larger than the experimentally derived, estimated r e z value. Nevertheless, the CCSD͑T͒/aug-cc-pVQZ SiF value is, of all the computed values shown in Table III , the closest to the experimentally Harmonic vibrational frequencies from the fitting of the observed band origins to the expression, ϭT 00
Harmonic vibrational frequencies from the fitting of the observed band origins to the expression, ϭT 00 ϩ ͚ iϭ1 derived value. The overestimation of the computed SiF bond length of the X 1 AЈ state is most likely due to the neglect of core-core and core-valence correlation in all the reported calculations on HSiF, which includes of the second row element, Si ͑see for example, Ref. 17͒. However, the inclusion of core electrons in the correlation calculation will increase the total number of electrons to be correlated considerably, and also require a significantly larger polarized core-valence basis set. Such calculations are computationally extremely demanding.
For the Ã 1 AЉ state, the equilibrium SiF bond length and HSiF bond angle obtained from the MRCI PEF are larger than the experimentally derived equilibrium values of Ref. 3 by 0.02 Å and 1.7°, respectively, while the HSi bond length is smaller by 0.003 Å. The IFCA geometrical parameters derived for the Ã 1 AЉ state will be discussed later, when the simulated spectra are compared with the observed spectra. It is just noted here that upon de-excitation from the Ã 1 AЉ state to the X 1 AЈ state, the equilibrium bond angle obtained from the PEFs decreases by nearly 20°in line with the experimentally derived values ͑see Table III͒ . However, the changes in the HSi and SiF bond lengths obtained from the PEFs of the two states upon de-excitation from the Ã 1 AЉ state to the X 1 AЈ state are opposite in direction to those of the experimentally derived, estimated equilibrium r e z values. Nevertheless, in all cases, the magnitudes of the changes in bond lengths upon de-excitation are relatively small ͑р0.007 Å͒ and the major geometry change upon de-excitation is in the bond angle. Perhaps the discrepancies between the changes in the computed and experimentally derived bond lengths upon de-excitation should not be surprising, because FIG. 1. Simulated and observed SVL Ã (1,0,0) emission spectra of HSiF: ͑a͒ experimental spectrum from reference 1 ͑spectral feature due to impurity is marked with *; see original work͒; ͑b͒ simulated spectrum with r e (SiF) ϭ1.597 Å, r e (HSi)ϭ1.526 Å, and e (HSiF)ϭ116.0°͓which give the best overall match between all simulated and observed spectra shown in Figs. 1, 3, 4, 5, and 6; the X 1 AЈ state has its geometrical parameters fixed to r e (SiF)ϭ1.603 Å, r e (HSi)ϭ1.529 Å, and e (HSiF)ϭ96.6°, the estimated r e z values from HCJ01 ͑Ref. 1͒ for all the simulations carried out in this work; see text͔; ͑c͒ simulated spectrum with r e (SiF)ϭ1.597 Å, r e (HSi) ϭ1.526 Å, and e (HSiF)ϭ115.0°͑experimentally derived r e geometrical parameters of the Ã 1 AЉ state from Ref. 3, see Table V͒ ; and ͑d͒ simulated spectrum with r e (SiF)ϭ1.6097 Å, r e (HSi)ϭ1.5226 Å, and e (HSiF) ϭ116.9°͑ab initio geometry change; see text͒.
FIG. 2. The simulated spectrum of the SVL Ã (1,0,0) emission of HSiF, employing ab initio geometry change ͓same as Fig. 1͑d͔͒ , and the calculated Franck-Condon factors ͑bar diagrams underneath the simulated spectrum͒ of the X (1,n,0), (1,n,1), (1,n,2), and (1,n,3) series, which contribute to the observed main vibrational progression assigned solely to the X (1,n,0) series in Ref. 1 ͑see text͒. different correlation methods were employed to obtain the PEFs of the two electronic states. However, when the computed CCSD/aug-cc-pVTZ equilibrium HSi bond lengths of the two states reported in Ref. 4 ͑the excited state geometry was obtained by the coupled cluster response method͒ are compared with the corresponding experimentally derived, estimated r e z values, the changes upon de-excitation are also opposite in direction. The above considerations suggest that obtaining reliable geometrical parameters for the excited state of HSiF is theoretically very demanding in terms of the level of calculation, as expected. In addition, it should be noted that the uncertainties associated with the experimentally derived geometrical parameters of the Ã 1 AЉ state are also larger than those of the X 1 AЈ state. In particular, the uncertainty in the experimentally derived HSi bond length of the Ã 1 AЉ state ͑equilibrium r e in Table III͒ of 0.014 Å quoted in Ref. 3 is rather large, and the difference between the experimentally derived, equilibrium r e , and estimated r e z values of HSi of the Ã 1 AЉ state is 0.01 Å, which is also quite large ͑see Table III͒ . The changes in the equilibrium geometrical parameters upon de-excitation will be further discussed, when the IFCA geometry of the Ã 1 AЉ state is considered.
C. Vibrational frequencies
The computed harmonic and fundamental vibrational frequencies ͑listed in wave number units͒ obtained from the PEFs of the two electronic states of HSiF ͑and DSiF͒, are given in Tables IV and V Third, comparing the computed and experimental vibrational frequencies in detail, the harmonic and fundamental vibrational frequencies of the HSi/DSi stretching and bending modes obtained from the variational calculations of the X 1 AЈ state of HSiF/DSiF agree very well with the latest experimentally derived ͑force field refined as discussed above͒ or measured values of HCJ01 ͑to within ϳ2 cm Ϫ1 ; see Table IV͒ . The agreement between the theoretical and experimental values of the SiF stretching frequencies of HSiF/DSiF is less favorable. This is not surprising, because the computed SiF bond length of the X 1 AЈ state is ϳ0.01 Å larger than the experimentally derived value, as discussed above. Nevertheless, the largest discrepancy for the harmonic frequency is 22 cm Ϫ1 and that for the fundamental frequency is only 7 cm Ϫ1 , which can be considered as reasonably small.
Finally, for the Ã 1 AЉ state, the agreements between the calculated and experimentally derived ͑force field refined as discussed above͒ or measured values of the SiF stretching harmonic and fundamental frequencies of both HSiF and DSiF are very good ͑р ϳ3 cm Ϫ1 ; see Table V͒ . However, the discrepancies for the fundamental HSi/DSi stretching and the bend frequencies are significantly larger. The largest difference is that between the calculated and observed HSi stretching fundamental frequencies, which is 59 cm Ϫ1 . We attempted to improve the agreement by extending the ranges of the ab initio energy scans for the PEF of the Ã 1 AЉ state and enlarging the size of the harmonic basis functions employed in the variational calculation, but found that no significant improvement could be obtained. It is therefore concluded that the PEF of the Ã 1 AЉ state probably requires a higher level of calculation in terms of both the correlation method and the basis set used, in order to obtain a better agreement between the calculated and observed HSi/DSi stretching fundamental frequencies of the Ã 1 AЉ state of HSiF/DSiF. In addition, core-valence correlation, which has been ignored in the ab initio calculations, as discussed in the previous subsection on the calculation of reliable geometrical parameters for this type of system, is also likely to be important for reliable vibrational frequency calculations.
D. Spectral simulation
The simulated SVL emission spectra of HSiF and DSiF are compared with the corresponding observed spectra in Figs. 1, 3, 4 , 5, and 6 for the Ã (1,0,0), Ã (0,1,0), and Ã (1,1,0) SVL emissions of HSiF, and the Ã (0,0,0) and Ã (0,1,0) SVL emissions of DSiF, respectively. The top spectrum labeled ͑a͒ in each figure is the observed spectrum from HCJ01. 1 In all figures, the simulated spectra labeled ͑b͒, ͑c͒, and ͑d͒, below ͑a͒, have the following geometrical param-eters of the Ã 1 AЉ state ͓in all simulated spectra, the X 1 AЈ state has its geometrical parameters fixed to r e (SiF) ϭ1.603 Å, r e (HSi)ϭ1.529 Å, and e (HSiF)ϭ96.6°, the estimated r e z values from HCJ01; 1 see Table 3͔ : ͑b͒ r e (SiF)ϭ1.597 Å, r e (HSi)ϭ1.526 Å, and e (HSiF) ϭ116.0°͑the IFCA geometry with the best overall match; see later text͒; ͑c͒ r e (SiF)ϭ1.597 Å, r e (HSi)ϭ1.526 Å, and e (HSiF) ϭ115.0°͑experimentally derived r e geometrical parameters from Ref. 3͒; and ͑d͒ r e (SiF)ϭ1.6097 Å, r e (HSi)ϭ1.5226 Å, and e (HSiF) ϭ116.9°͑ab initio geometry change͒.
When the simulated and observed spectra are compared, the following points should be noted. First, some peaks in some of the observed spectra are due to impurities as noted in HCJ01 1 ͓marked with* in the observed spectra shown in Figs. 1͑a͒, 3͑a͒, and 5͑a͔͒ . Second, the relative intensity of the vibrational component at the excitation energy in an observed emission spectrum is expected to be stronger than the intensity given by its FC factor, because of stimulated emission and scattered light. Third, the reported dispersed fluorescence spectra of DSiF from HCJ01 1 ͓Figs. 5͑a͒ and 6͑a͒; see original work͔ were uncorrected for the wavelength dependence of the detector efficiency. Consequently, only qualitative comparisons between the simulated and observed spectra of DSiF can be made. Finally, the wave number scale of each figure is displacement from the laser excitation line, giving a direct measure of the ground electronic state vibrational energy, as used in HCJ01. 1
The Ã "1,0,0… SVL emission of HSiF
The simulated and observed Ã (1,0,0) SVL emission spectra in Fig. 1 are considered first, because the match between the simulated spectrum ͑d͒, employing the ab initio geometry change, and the observed spectrum ͑a͒ is excellent, with even the very weak features in the vibrational progressions of X (0, 2 Љ,0) and X (2, 2 Љ,0) being present in the simulated spectrum. Such a good agreement between theory and experiment suggests that the PEFs and the ab initio geometry change employed in obtaining the simulated spectrum should be reasonably reliable. Comparing the simulated spectrum ͑c͒, which employs the experimentally derived geometrical parameters of the Ã 1 AЉ state, with the observed spectrum ͑a͒, the agreement is slightly worse in the higher energy members of the main progression assigned to the X (1, 2 Љ,0) series in HCJ01 1 than the agreement between the simulated spectrum ͑d͒, employing the ab initio geometry change, and the observed spectrum. The major difference between the geometry of the Ã 1 AЉ state used in the simulations of spectra ͑c͒ and ͑d͒ is in the bond angle, as the major vibrational progressions observed upon de-excitation involve mainly the bending mode. This follows from the fact that the major geometry change upon de-excitation is in the bond angle, as discussed.
Regarding the bond length changes upon de-excitation, it should be noted that FC factors depend on the magnitude of relative changes of the geometrical parameters in the electronic transition, and comparisons between simulated and observed spectra cannot indicate the directions of the changes ͑i.e., whether there is a small increase or decrease͒ in the geometrical parameters. Previously, in the IFCA procedure, the systematic variation in the geometrical parameters of one of the two electronic states involved in the electronic transition, which did not have its geometry derived experimentally, was usually based on the geometry change obtained from ab initio calculations ͑see Refs. 5, 6, and 7, and references therein͒. However, in the case of HSiF, experimentally derived geometrical parameters are available for both states, but their directions of change in the HSi and SiF bond lengths upon de-excitation are exactly opposite to those of the corresponding ab initio geometry change, as discussed above. In the IFCA procedure, it was found that the effects of bond length changes upon de-excitation on the simulated spectrum are smaller than those of bond angle change, and the IFCA procedure carried out was unable to determine unambiguously which directions of change in these bond lengths are more reliable from comparisons between simulated and observed spectra. This will be further discussed when the SVL emissions of DSiF are considered. At the moment, it is assumed that the experimentally derived bond lengths from the Clouthier group 3 are more reliable, until further, higher level ab initio calculations are available ͑see next section͒ and the HSiF angle in the Ã 1 AЉ state is changed to fit the observed SVL emission spectra.
It has been mentioned above that some higher energy vibrational levels of the X 1 AЈ states are calculated to be close in energy, and the corresponding vibrational components which appear in both the simulated and observed spectra are unresolved. Nevertheless, from our computed anharmonic FC factors, the observed main vibrational progression assigned solely to the X (1, 2 Љ,0) series in HCJ01, 1 has actually significant contributions from the X (1, 2 Љ,1), (1, 2 Љ,2), and (1, 2 Љ,3) series, as shown in Fig. 2 . Specifically, the first vibrational component of the observed main series observed at 1932 cm Ϫ1 is solely due to the SVL emission to the X (1,0,0) anharmonic vibrational level. The second component observed at 2771 cm Ϫ1 has strong contributions from the SVL emissions to both the X (1,0,1) and ͑1,1,0͒ levels, while from the third component observed at 3606 cm Ϫ1 onwards, there are contributions from the vibrational series of X (1, 2 Љ,0), (1, 2 Љ,1), (1, 2 Љ,2), etc. Based on the computed FC factors obtained in this work, some of the vibrational assignments given in HCJ01 1 should be revised.
Summing up, the most important conclusion from the excellent agreement between the simulated and observed Ã (1,0,0) SVL emission spectra of HSiF is that the explicit inclusion of anharmonicity in the FC factor calculations, as carried out in the present investigation, has answered, at least partially, the request of the experimental study of HCJ01. 1 In this connection, it can be concluded that the ab initio calculations and PEFs employed to calculate FC factors between the two electronic states of HSiF are reasonably reliable for simulating other SVL emissions of HSiF/DSiF to be discussed below. From the detailed comparisons between simulated and observed spectra of the Ã (1,0,0) SVL emission in the IFCA procedure, we are unable to derive the bond lengths of the upper state unambiguously. However, a larger equilibrium bond angle of 116.9°͑from the ab initio geometry change͒ of the Ã 1 AЉ state is preferred to the smaller experimentally derived bond angle of 115.0°. This will be further discussed, when other SVL emissions are considered. Finally, the calculated FC factors and simulated spectra obtained in this work suggest that the observed main vibrational progression assigned to the X (1, 2 Љ,0) series by HCJ01 1 actually also has significant contributions from the overlapping X (1, 2 Љ,1), (1, 2 Љ,2), and (1, 2 Љ,3) series, particularly for the higher energy members of the observed main vibrational progression.
The Ã "0,1,0… SVL emission of HSiF
When the simulated and observed Ã (0,1,0) SVL emission spectra in Fig. 3 are considered, the agreement between the simulated spectrum ͑d͒, employing the ab initio geometry change, and the observed spectrum ͑a͒ is reasonably good for the observed main X (0, 2 Љ,0) series, with 2 Љу4, and also for the weak feature assigned to the start of the X (1, 2 Љ,0) series in HCJ01. 1 However, for the vibrational components with 2 Љр3 in the X (0, 2 Љ,0) series, the agreement is poor, particularly for the X (0,0,0) and ͑0,1,0͒ peaks. The computed relative intensities of these two vibrational components are a few times stronger than those observed. Employing the experimentally derived geometrical parameters of the Ã 1 AЉ state gives the spectrum shown in Fig. 3͑c͒ . In both simulated spectra in Figs. 3͑c͒ and 3͑d͒ , however, the simulated relative intensities of the X (0,0,0) and ͑0,1,0͒ components are much stronger than those observed. In the IFCA procedure of systematically varying the upper state geometrical parameters, it was found that it was impossible to obtain an overall match between simulated spectra and the full experimental spectrum of the Ã (0,1,0) SVL emission with reasonable geometry changes based on the experimentally derived and/or ab initio geometries ͑see Ref. 7 for a discussion of why excessive variations of the geometrical parameters in the IFCA procedure are undesirable͒. It is noted that the theoretical model employed in the FC simulation of the present study has assumed the variation of electronic transition moment over a spectral band to be constant and this may be a cause of the discrepancies between the simulated and observed SVL emission spectra. However, the variation of electronic transition moment over a spectral band is expected to be gradual, except when an avoided crossing, where the electronic configuration of the electronic energy surface changes drastically, is present in the FC region of the electronic transition. From the computed T 1 diagnostics in the CCSD͑T͒ calculations on the X 1 AЈ state and the calculated MRCI wave functions of the Ã 1 AЉ state, it is clear that there is no other electronic states nearby. In this connection, it is almost certain that the large discrepancies between the calculated and observed relative intensities of the X (0,0,0) and ͑0,1,0͒ vibrational components mentioned above cannot be due to of 1.510 Å, which is near the lower limit of the uncertainty of the experimentally derived r e value of 1.526Ϯ0.014 Å given in Ref. 3 , suggests that the true value is probably towards the lower end of the experimentally derived value. It is noted that employing a smaller r e (HSi) ͑e.g., 1.510 Å͒ for the Ã 1 AЉ state in the IFCA simulation does not change the relative intensities of the main vibrational features significantly in the simulated spectra of all the SVL emissions considered here, because the main vibrational progressions observed in these spectra are essentially bending series, as mentioned above. With this smaller value of r e (HSi) for the Ã 1 AЉ state, small improvements of the matches between the simulated and observed spectra were found for the SVL Ã (0,0,0) emission of DSiF, regarding the X (1, 2 Љ,0) series discussed, and for the SVL Ã (1,1,0) emission of HSiF in the 3700-4500 cm Ϫ1 region.
IV. CONCLUDING REMARKS
In response to the request of HCJ01, 1 ab initio PEFs of the X 1 AЈ, and Ã 1 AЉ states of HSiF, anharmonic vibrational wave functions and energies of both electronic states of HSiF and DSiF, and FC factors with the explicit inclusion of anharmonicity between the two electronic states have been calculated. It is pleasing to conclude that simulated emission spectra including anharmonicity obtained in the present study match the observed Ã 1 AЉ(1,0,0)→X 1 AЈ emission spectrum of HSiF published in HCJ01 very well. Anharmonicity is indeed important in FC simulations of the observed SVL emission spectra of HSiF and DSiF, as suggested in HCJ01. In addition, comparisons between simulated and observed Ã (0,1,0) and ͑1,1,0͒ SVL emission spectra of HSiF suggest that some vibrational components, which are predicted to have strong relative intensities, but are observed to be significantly weaker than predicted, have suffered from intensity reduction due to some experimental problems, such as detector signal saturation and/or part of the spectrum being recorded with a lower detector gain. The reasonably good matches between the simulated and observed Ã (0,0,0) and ͑0,1,0͒ SVL emission spectra of DSiF also support the above conclusions.
In spite of the improvement of FC simulations by including anharmonicity in this work, it appears that there are still some inadequacies in the present theoretical approach. We are unable to find an IFCA geometry of the Ã 1 AЉ state of HSiF, which would give simulated spectra, which match all the observed SVL emission spectra of HSiF considered, to the same level of agreement. In view of the relatively large difference ͑of ϳ50 cm Ϫ1 ͒ between the computed fundamental HSi stretching frequencies obtained from the CASSCF/ MRCI/aug-cc-pVQZ PEF of this work and the corresponding measured value from Refs. 2 and 3 ͑see Table V͒, it appears that the level of theory used in obtaining the ab initio PEFs of the Ã 1 AЉ state of HSiF is probably inadequate for regions far away from the equilibrium position. In this connection, the simulated spectra of the Ã (1,0,0) and ͑0,1,0͒ SVL emissions would be expected to be slightly more reliable than the simulated spectrum of the Ã (1,1,0) SVL emission, which emits from a vibrational level of higher energy in the upper electronic state than the former two emissions. This leads to the conclusion that the larger bond angle of 116.9°of the Ã 1 AЉ state ͑based on ab initio geometry change͒ would be preferred, based on spectral simulation, to the experimentally derived r e bond angle of 115.0°, and hence this casts doubt on the reliability of the latter. In view of the above considerations, further theoretical and experimental investigations would be required to establish the equilibrium geometry of the Ã 1 AЉ state of HSiF on a firmer basis. On the theoretical side, higher level ab initio calculations in terms of higher order electron correlation and a larger basis size are required to obtain a more reliable PEF of the Ã 1 AЉ state, and hence also a more accurate fundamental HSi stretching frequency and simulated emission spectra. In addition, in the comparison between the calculated and experimentally derived geometrical parameters of the X 1 AЈ state of HSiF, we have noted that the inclusion of core electrons in the correlation treatment of the ab initio calculations could be important to give a more reliable computed SiF bond length of the X 1 AЈ state. These suggested improvements in the level of ab initio calculations will lead to significantly more demanding calculations than presently carried out. Nevertheless, despite these inadequacies in the present theoretical approach and the inability of determining unambiguously the equilibrium geometry of the Ã 1 AЉ state of HSiF from the IFCA procedure, the major vibrational features of the simulated spectra reported in this investigation with the explicit inclusion of anharmonicity match reasonably well with those observed, and the computed anharmonic FC factors lead to a vibrational assignment of all the main observed features in the SVL emission spectra, which revises slightly the earlier assignment of Ref. 1, and provides more detail, particularly with respect to overlapping bands.
